Polyparasitism is common in the developing world, and interactions that alter disease severity may occur. We previously demonstrated that infection with Schistosoma hematobium was associated with protection against Plasmodium falciparum infection in children who were 4 to 8 years old. In this study, we determined whether underlying helminth infections affected the cytokine responses to acute falciparum malaria. A total of 338 schistosomiasis-positive [Sch(؉)] children who were 4 to 14 years old were matched by age, residence, and sex with 338 schistosomiasis-negative [Sch(؊)] children and monitored for a malaria transmission season (25 weeks). Serologic cytokine levels were measured at the time of the first clinical malaria episode and in children who did not contract malaria. Elevated background levels of interleukin-6 (IL-6) (37.1 pg/ml versus 10.9 pg/ml [P ‫؍‬ 0.04]), IL-4 (27.7 pg/ml versus 6.9 pg/ml [P ‫؍‬ 0.02]), IL-10 (18.2 pg/ml versus 7.2 pg/ml [P < 0.001]), and gamma interferon (18.2 pg/ml versus 4.7 pg/ml [P ‫؍‬ 0.006]) were noted in Sch(؉) children compared to Sch(؊) children without malaria. IL-6 and IL-10 levels were elevated in association with acute malaria, but the levels appeared to be blunted in Sch(؉) children compared to Sch(؊) children who were 4 to 8 years old (for IL-6, 96.2 pg/ml versus 137.2 pg/ml [P ‫؍‬ 0.08]; for IL-10, 195.9 pg/ml versus 282.2 pg/ml [P ‫؍‬ 0.06]). The level of IL-10 was similarly lower in Sch(؉) children than in Sch(؊) children who were 9 to 14 years old (91.2 pg/ml versus 141.2 pg/ml [P ‫؍‬ 0.03]). IL-4 levels were inversely correlated with the time until the first malaria infection in both the Sch(؉) children (P < 0.001) and the Sch(؊) children (P < 0.001) who were 4 to 8 years old. We postulate that the Th2-enriched environment induced by schistosomiasis protects against malaria and alters the cytokine milieu during an actual infection.
Polyparasitism is common in tropical areas where helminthic and malaria infections are endemic. The host response to dual infection is poorly understood. Increasing evidence suggests that there are interactions between protozoan and helminthic coinfections, but it is not known whether these interactions benefit or harm the human host (21, 27) . Determining whether underlying helminth infections alter the immune response to malaria is critical in light of promising efforts in malaria vaccine development.
We have described an age-specific protective effect of Schistosoma hematobium infection upon the acquisition of uncomplicated Plasmodium falciparum malaria (17) . Children who were 4 to 8 years old and who had schistosomiasis had less malaria, and for these children the time to the first clinical episode was longer and the parasitemia during the episode was reduced. Although the mechanisms behind schistosoma-associated protection from malaria are unclear, we postulate that underlying helminthiasis modulates the human immune response, affecting the incidence and severity of concomitant falciparum malaria.
Both malaria and schistosomiasis have stage-specific cytokine production patterns where immunologic balance is critical. We and other workers have demonstrated that malaria is an inflammatory disease in which cytokine levels correlate with disease severity (3, 6, 10, 16) . Parasitemia is initially controlled by Th1 cytokines, and there is a gradual shift toward Th2 cytokine predominance (31) . Interleukin-4 (IL-4) is critical to memory induction in both the humoral arm (15, 30) and the development of memory CD8 ϩ T-cell responses (2) . The role of regulatory T cells and the associated cytokines IL-10 and transforming growth factor ␤ in the host's immune response to malaria has captured interest, as they have recently been associated with increased parasite-induced virulence in humans (32) . Furthermore, mice with underlying helminth infection, in contrast to helminth-free mice, appear to generate regulatory T cells in response to murine malaria vaccines (8) .
Schistosomes have a dominant Th2-biased cytokine response related to egg production (11) . Chronic immune activation due to a helminth infection may cause an altered response to a secondary stimulus that depends upon Th1 cytokine production (13, 23) and may alter T-cell memory responses (9) . Increases in the levels of anti-S. hematobium schistosomal egg antigen and 28-kDa glutathione S-transferase immunoglobulin G3 and immunoglobulin E have been detected in coinfected Senegalese children with malaria compared to children without malaria (20, 25) . Imbalances in serum proinflammatory cytokine levels have similarly been found in children with both schistosomiasis and malaria compared to children with schistosomiasis alone (7). We examined cytokine production patterns in children with S. hematobium who developed falciparum malaria and compared these children to matched, schistosomiasis-negative children. The results provide further evidence of immunologic alterations that could account for schistosome-induced protection against malaria.
MATERIALS AND METHODS
Study site and parasitologic and clinical evaluation. Bandiagara (population, 13,600) is located in Mali, West Africa, and has intense seasonal transmission (July to December) of P. falciparum malaria. The dominant ethnic group is Dogon (81%). Most individuals have daily water exposure, and S. hematobium is endemic to the area, whereas Schistosoma mansoni is scarce. Pilot studies revealed that the prevalence of S. hematobium among local children who were 3 months to 14 years old was 25.4% (91/381) (Lyke, unpublished data). Before the 2002 and 2003 malaria transmission seasons, children who were 4 to 14 years old were enrolled in a study designed to determine whether underlying helminth infection altered the acquisition, incidence, or character of falciparum malaria (17) . Each child submitted two or three sequential morning (between 10 a.m. and 12 p.m.) urine samples and two stool samples for examination for parasite detection (via standard filtration and the Kato-Katz method). S. hematobiumpositive subjects (n ϭ 338) were matched by age, gender, and residence with children without schistosomiasis (n ϭ 338), cleared of other occult intestinal helminth infections with 400 mg albendazole (a drug to which S. hematobium is not susceptible) given orally, and monitored weekly for 25 weeks (175 days). Age categories were defined as follows: 4, 5, 6, 7 to 8, 9 to 10, 11 to 12, and 13 to 14 years. Residence was defined as one of eight distinct sectors of Bandiagara. Children were excluded from enrollment if they were S. mansoni positive, had evidence of chronic infection, were pregnant, or had evidence of complications related to S. hematobium (gross hematuria or renal insufficiency). Children enrolled in 2002 were not eligible for enrollment in 2003.
Study protocols were reviewed and approved by the University of Bamako's Institutional Review Board, as well as by the University of Maryland Institutional Review Board. Village permission to conduct research was obtained from village chiefs, government officials, and traditional healers prior to initiation of the study. Individual informed consent was obtained from the parent or legal guardian of each child prior to screening and enrollment.
Longitudinal monitoring. The primary outcome was the first clinical malaria infection. Participants were monitored weekly and were evaluated for symptoms of acute malaria infection. Blood smear analysis and hemoglobin analysis were performed monthly and at the onset of symptoms consistent with malaria. A clinical episode of malaria was defined as P. falciparum parasitemia and an axillary temperature of Ն37.5°C during active surveillance or as parasitemia and symptoms leading to treatment-seeking behavior in the absence of another clear cause during passive surveillance. Symptomatic infections were treated with a 3-day course of chloroquine according to the National Malaria Control Program policy at the time of the study. All schistosomiasis infections were treated with praziquantel (40 mg/kg) after malaria transmission had ceased and 6 to 8 weeks after standing water had evaporated to allow for maturation of immature schistosomula in order to maximize the efficacy of treatment.
Serum collection. Whole blood (1 ml) was collected in sterile microcentrifuge tubes at the time of the first clinical malaria infection of the transmission season (or at the end of the season for the individuals that remained disease free) and prior to institution of antimalarial therapy. Blood was processed via centrifugation. Serum was preserved at Ϫ70°C at the field site and remained frozen until cytokine measurements were performed.
Circulating cytokine measurements. Serum IL-13 levels were determined by a standard enzyme-linked immunosorbent assay (PeliKine, Amsterdam, The Netherlands). The levels of IL-1␤, IL-2, IL-4, IL-6, IL-8, IL-10, IL-12p70, tumor necrosis factor alpha (TNF-␣), and gamma interferon (IFN-␥) were determined utilizing cytometric bead array technology (BD Biosciences, San Diego, CA) and fluorescence detection by flow cytometry, following the manufacturer's recommendations, with modifications. Bead populations that had discrete fluorescent intensities of peridinin chlorophyll protein-Cy5.5 and were coated with cytokinespecific capture antibodies were added to patient sera or standards for each cytokine (0 to 5,000 pg/ml) and phycoerythrin-conjugated anti-human cytokine antibodies. After a 3-day incubation, flow cytometric analysis was performed, the results were analyzed by a single operator, and standard curves were derived from the data for the cytokine standards. The lower limit of detection ranged from 2.5 to 10 pg/ml for the cytokines analyzed by flow cytometry and from 0.5 to 1.3 pg/ml for IL-13. Dilution measurement was performed to accurately determine cytokine levels in samples with levels above the linear portions of the standard curves (typically Ͼ5,000 pg/ml).
Statistical analysis. Pooled analyses of differences in cytokine levels between clinical groups were performed using a two-sided Student's t test for continuous variables with equal variance (SPSS 10.0; SPSS, Chicago, IL) and Mann-Whitney rank sum analysis for populations not normally distributed (SigmaStat 3.0; SigmaStat, Chicago, IL). For the purpose of analyzing differences in cytokine levels between matched pairs, the P value for two-sided statistical significance was set at Ͻ0.05. Linear regression analysis was used to assess the relationship between cytokine levels at the time of the first malaria infection and time to first clinical malaria infection, as well as parasitemia/mm 3 . No adjustments were made for multiple comparisons.
RESULTS
Patients. Serum for cytokine measurements was available from 607 of the 676 children enrolled in the study (324 children with S. hematobium and 283 children without S. hematobium). Twenty-one children (3.1%) exited the study. Two children were removed from the study because of clinical symptoms (subsequently determined not to be related to underlying schistosomiasis), and 19 children relocated out of the study area during the monitoring period. For volunteers who did not experience a malaria infection a venous blood sample was drawn at the end of the malaria transmission season (98 of 140 volunteers). The results represent the background cytokine levels in helminth-free [Sch(Ϫ)] individuals or the response to the underlying schistosoma infection in the schistosomiasispositive [Sch(ϩ)] group. The clinical characteristics of individuals who contributed sera for cytokine analysis are shown in Table 1 . No statistical differences between groups were noted.
Differences in cytokine levels between matched groups. Background IL-4, IL-6, IL-10, and IFN-␥ cytokine levels were elevated in Sch(ϩ) children compared to Sch(Ϫ) controls (Fig.  1) . No differences in the IL-1␤, IL-2, IL-5, IL-8, IL-12p70, IL-13, or TNF-␣ levels were noted during the malaria-free state. Results were stratified by age groups in which clinical differences had previously been noted (i.e., 4 to 8 years versus 9 to 14 years). Increased geometric mean cytokine levels (referred to as cytokine levels below) were observed in S. hematobium-infected children who were 4 to 8 years old (for IL-4, 27.7 pg/ml versus 6.9 pg/ml [P ϭ 0.02]; for IL-6, 37.1 pg/ml versus 11.0 pg/ml [P ϭ 0.04]; for IL-10, 18.2 pg/ml versus 7.2 pg/ml [P Ͻ 0.001]; and for IFN-␥, 17.6 pg/ml versus 4.7 pg/ml [P ϭ 0.006]) and in children who were 9 to 14 years old (nearly identical findings with the exception of IL-6) ( Fig. 1a to d) . Serum cytokine levels were measured at the time of acute malaria infection to evaluate our hypothesis that underlying S. hematobium infection affects the host cytokine response during the early stages of falciparum infection (Table 2 and Fig. 2) . Analysis of the 4-to 14-year-old volunteers revealed lower levels of IL-10 in Sch(ϩ) individuals than in matched Sch(Ϫ) children (134.3 pg/ml versus 202.8 pg/ml [P ϭ 0.008]). Small and S. hematobium-negative [Sch(Ϫ)] individuals, stratified by age group. Increased cytokine levels were found in Sch(ϩ) children (n ϭ 34) compared to Sch(Ϫ) children (n ϭ 12) who were 4 to 8 years old (a to d). Cytokine levels were also higher in Sch(ϩ) children (n ϭ 37) than in Sch(Ϫ) children (n ϭ 19) who were 9 to 14 years old (b to d). No alterations in IL-1␤, IL-2, IL-5, IL-8, IL-12p70, IL-13, or TNF-␣ levels were found. A Mann-Whitney rank sum analysis was performed with nonnormally distributed data. but statistically significant elevations in IL-5 levels were observed in Sch(ϩ) individuals compared to Sch(Ϫ) children. Cytokine levels during the acute malaria event were stratified by age and examined ( Fig. 2 and Table 3 ). IL-6 and IL-10 levels were elevated in association with acute malaria, but the levels appeared to be blunted in Sch(ϩ) children compared to Sch(Ϫ) children who were 4 to 8 years old (for IL-6, 96.2 pg/ml versus 137.2 pg/ml [P ϭ 0.08]; for IL-10, 195.9 pg/ml versus 282.2 pg/ml [P ϭ 0.06]). The level of reduced IL-10 was similarly lower in Sch(ϩ) children than in Sch(Ϫ) children who were 9 to 14 years old (91.2 pg/ml versus 141.2 pg/ml [P ϭ 0.03]). Whereas elevated background levels of IFN-␥ and IL-4 were found in the age-stratified Sch(ϩ) groups, the cytokine levels at the time of the first clinical malaria infection were lower than the background levels (P Ͻ 0.001 for both cytokines). This effect was not seen in the Sch(Ϫ) group, where the absolute levels of IL-4 were higher than the background levels, while IFN-␥ levels were similar. When we controlled for age (within the stratified 4-to 8-year-old and 9-to 14-year-old subgroups), no correlation was found between cytokines and the mean parasite density during the clinical malaria episode. No age-associated differences in IL-1␤, IL-2, IL-5, IL-8, IL12p70, IL-13, or TNF-␣ were observed during the malaria episode. The ratio of anti-inflammatory cytokines to proinflammatory cytokines was examined. A significant difference in the geometric mean IL-10/TNF-␣ ratio was observed at the time of acute malaria between Sch(ϩ) and Sch(Ϫ) children who were 9 to 14 years old (33.2 pg/ml versus 14.7 pg/ml [P ϭ 0.006]), while a trend was observed for children who were 4 to 8 years old (56.3 pg/ml versus 38.6 pg/ml [P ϭ 0.164]). No differences in IL-10/IFN-␥ ratios were found between Sch(ϩ) and Sch(Ϫ) children in either age group.
Association of cytokine and time to clinical malaria infection. Univariate linear regression models of subjects who developed malaria revealed that the IL-4 levels were inversely correlated with time until first infection in both the Sch(ϩ) Dose-dependent effect of egg production. Sch(ϩ) children were categorized as individuals who excreted low to moderate numbers of eggs (1 to 49 eggs/10 ml urine) or individuals who excreted high numbers of eggs (Ͼ50 eggs/10 ml urine) with intercohort analysis and compared to Sch(Ϫ) children. No differences in cytokine production were found between the individuals who excreted low to moderate numbers of eggs and the individuals who excreted high numbers of eggs for either the 4-to 8-year-old or 9-to 14-year-old children (data not shown).
DISCUSSION
In Malian children the serologic cytokine milieu at baseline and at the time of an acute falciparum malaria infection appears to be altered by the presence of an underlying schistosomiasis infection. At baseline, the Th2 (IL-4, IL-6, and IL-10) and IFN-␥ cytokine levels were elevated in Sch(ϩ) children. An expected robust inflammatory response to erythrocytic falciparum infection was also observed in this study, but when we controlled for age and parasitemia, both IL-6 and IL-10 levels in children who were 4 to 8 years old and IL-10 levels in children who were 9 to 14 years old appeared to be blunted in the presence of S. hematobium compared to the levels in schistosomiasis-negative controls. IL-4 levels measured at the time of an acute malaria infection inversely correlated with the time to first malaria infection; i.e., the longer the time to the malaria episode, the lower the levels of IL-4 at the time of infection in the volunteers. Although the significance of this phenomenon is unclear, we postulate that the Th2-enriched environment elicited by chronic schistosomiasis protects against acquisition of a secondary infection (i.e., malaria). Moreover, it is reasonable to speculate that in individuals who do sustain a malaria infection, the resultant cytokine response is altered by this polarizing Th2 environment.
Concomitant infections have been shown to alter the host immunologic response. Mice with ova-producing S. mansoni infections have impaired lesional healing and an altered Th1/ Th2 balance after Leishmania major infection (14) , an enhanced ability to expel Trichuris muris via Th2 cytokine-dependent mechanisms (5) , and an altered immune response to Plasmodium spp. (12, 35 ). An underlying nematode infection impairs protective immunity to murine erythrocytic malaria via mechanisms involving transforming growth factor ␤ and IL-10, whereas eradication of the nematode infection restores pro- tective immunity (28) . Furthermore, the immunologic response to murine malaria vaccination is blunted by the presence of an underlying nematode infection (29) . Elevated levels of plasma IFN-␥ and TNF-RII were found in Senegalese children who were 7 to 15 years old and were coinfected with S. hematobium and P. falciparum compared to children with malaria alone (7) . Rather than increases in the levels of proinflammatory cytokines in coinfected children, we observed a blunting of Th2 cytokine production, representing an altered immune response to the malaria insult. Low IL-10/TNF-␣ ratios have been described in association with anemia and cerebral malaria complications and suggest that there is a loss of the counterregulatory anti-inflammatory function of IL-10 (18, 22) . We did observe a reduction in the IL-10/TNF-␣ cytokine ratio (but not in the IL-10/IFN-␥ cytokine ratio) for Sch(ϩ) children compared with Sch(Ϫ) children who were 9 to 14 years old, suggesting that there was a loss of anti-inflammatory regulation. However, this does not appear to be the operative mechanism underlying the clinical protection against malaria afforded the younger 4-to 8-year-old Sch(ϩ) children. Moreover, our results have to be evaluated in the context that serum cytokine levels may not represent cytokine levels in the cellular microenvironment. Cellular immunologic studies are necessary to further delineate the mechanisms behind helminth-induced protection against malarial disease. An IL-4-rich environment may polarize the cytokine response toward Th2 predominance (4). Th2 cytokine production appears to be critical for the development of immunity to falciparum malaria. IL-4 levels have been shown to correlate with age, development of antibody to malaria antigen, and malaria protection and are believed to play a role in parasite clearance (1, 15, 30, 33) . CD4
ϩ -derived IL-4 has been shown to be critical in the development of memory CD8 ϩ T-cell responses to malaria liver stage antigens (2) . We found that background IL-4 levels were elevated in children with schistosomiasis. Interestingly, the same children had been monitored for 175 days without acquiring malaria, suggesting that IL-4 has a role in mediating protection against malaria. Our paradoxical observation of an inverse correlation between IL-4 levels and time to first malaria infection seems to be at odds with this finding. Further conclusions concerning the role of IL-4 in mediating protection against malaria cannot be made without documenting IL-4 levels prior to malaria infection in individual children and prospectively monitoring the children to determine malaria acquisition. Further clinical and cellular studies are needed to address this question.
The finding that the IFN-␥ level was elevated at baseline in the Sch(ϩ) group was surprising in that enhanced Th2 cytokine production but not Th1 cytokine production is expected in response to worm ovipositing. Ordinarily, extrinsic Th2 cytokine stimulation would polarize CD8 ϩ T cells to secrete Th2 cytokines (26) . This paradoxical finding has also been obtained for mice immunized against S. mansoni, where CD8 ϩ T-cell production of IFN-␥ and IL-10 was found to be driven by IL-4 derived from CD4 ϩ T cells (24) . In schistosomiasis, it is thought that CD8 ϩ cells (demonstrated to be critical in the granulomatous response to egg deposition) (34) may secrete IFN-␥ in response to ova-induced IL-4 production in order to down-regulate Th2 production and therefore host immunopathology. We observed a direct correlation between IFN-␥ and IL-4 in Sch(ϩ) children who were 4 to 8 years old, contradicting findings reported in other malaria studies performed in the absence of schistosomiasis (19) . To our knowledge, these are the first human data demonstrating this phenomenon.
Although there is no a priori reason to believe that serum cytokine levels are different at the beginning and at the end of the transmission season, our conclusions were limited by our inability to measure cytokine levels in all enrolled children prior to the onset of malaria transmission; instead, we relied on cytokine levels measured in individuals who did not succumb to malaria infection as representative background levels. The effect of other concomitant infections is unknown. The baseline prevalence of intestinal infections before albendazole therapy was similar at the time of enrollment. The prevalence of adult human immunodeficiency virus is quite low in the region (1 to 2%), and filarial infection (i.e., Loa loa, Onchocerca volvulus, or Wuchereria bancrofti) was undetectable in pilot studies conducted with 120 area children. Every attempt was made to enroll healthy individuals, but we cannot exclude the possibility that occult infections altered cytokine measurements.
In summary, these studies revealed that the polarized Th2-enriched environment induced by underlying schistosomiasis modulates the human immune response, possibly affecting the incidence and severity of concomitant falciparum malaria. Our results demonstrated that there were elevated background Th2-biased cytokine levels, as well as elevated IFN-␥ levels, in children with schistosomiasis compared to uninfected children and suggested that IL-4 and IL-10 may play significant roles in modulating the host response to malaria infection. Additional studies at a cellular level to investigate the cytokine responses to specific schistosomal and malarial antigens are critical to further discern the immunomodulatory role of schistosomes in the presence of secondary antigen stimuli. This research may have a direct impact on the implementation of malaria vaccination in the developing world.
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